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SUMMARY 

Experimentally determined mass-size d i s t r i b u t i o n s  of fragments e jec ted  
from c r a t e r s  formed i n  rock by hypervelocity impact have been combined with 
estimates of the  r a t e  of impact and mass d i s t r i b u t i o n  of interplanetary debris  
which s t r i k e s  the  lunar surface t o  f i n d  the  r a t e  and mass of fragments sprayed 
up from the  lunar surface.  It i s  shown t h a t  the f l u x  of p a r t i c l e s  of a given 
mass e jec ted  from the  lunar surface w i l l  be a t  l e a s t  th ree  and probably four 
orders of magnitude grea te r  than the  f l u x  of the  impacting interplanetary debris  
of the  same mass. Experimentally determined d i s t r i b u t i o n s  of mass with veloci ty  
indicate  t h a t  almost a l l  of the  debris  i s  e jected a t  l e s s  than lunar escape 
veloci ty  (2 .4  km/sec) and contr ibutes  t o  secondary impact events. 
f r a c t i o n  of the  e j e c t a ,  however, w i l l  leave the lunar surface a t  v e l o c i t i e s  
grea te r  than the  escape speed. 

A small 

These r e s u l t s  imply t h e  presence of a lunar dust cloud of f l y i n g  
p a r t i c l e s .  
meters deep w i t h  a spat ia l  densi ty  a t  the  lunar surface of t h e  order of l o5  t o  
lo7 times the s p a t i a l  densi ty  of t h e  interplanetary debris .  
together w i t h  the  in te rp lane tary  debris ,  provide a powerful eroding agent t h a t  
w i l l  continually abrade the  lunar surface and reduce rubble t o  f i n e r  s izes .  The 
inference t o  be drawn i s  t h a t  there  must be a t  l e a s t  a t h i n  layer  of dust-sized 
p a r t i c l e s  on t h e  lunar surface -- a layer  which i s  being constantly a g i t a t e d  and 
s t i r r e d  by the impacts t o  form a heterogeneous mixture of mater ia l  from the  
e n t i r e  surface of the  moon. It i s  t o  be expected t h a t  lunar probes and vehicles 
w i l l  be subjected t o  higher r a t e s  of impact when immersed i n  the dust cloud than 
during the earth-moon voyage. 

The major f r a c t i o n  of the  cloud i s  estimated t o  be a f e w  k i lo-  

These p a r t i c l e s ,  

INTRODUCTION 

The moon, devoid of any appreciable atmosphere ( r e f .  1) , i s  naked before a 
continuous bombardment by interplanetary debris  of a l l  s izes .  The c r a t e r s  on 
the lunar surface v i s i b l e  t o  t h e  limits of te lescopic  resolut ion a r e  mute 
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testimony of t h i s  bombardment by la rge  bodies over geologic time. 
and, most recent ly ,  Shoemaker and Hackman ( r e f .  3) have demonstrated t h a t  the 
number of what a r e  believed t o  be post-mare impact c r a t e r s  increases exponen- 
t i a l l y  with decreasing s ize ,  and Shoemaker and Hackman have shown t h a t  the  s ize-  
frequency d i s t r i b u t i o n  i s  i n  f a i r  agreement with the d i s t r i b u t i o n  f o r  t e r r e s t r i a l  
c r a t e r s  of apparent meteoric or igin.  It i s  s igni f icant  t h a t  the  cor re la t ion  
between lunar and t e r r e s t r i a l  c r a t e r s  depends on the mass-frequency d i s t r i b u t i o n  
of as te ro ida l  bodies and recovered meteorite f a l l s  ( r e f s .  4 ,  5 ) ,  f o r  on t h i s  
b a s i s ,  by extrapolat ion t o  smaller bodies and considering the  higher f l u x  r a t e s  
observed f o r  meteors and micrometeoroids (e .g . ,  r e f s .  6,  7 and 8 ) ,  it i s  t o  be 
expected t h a t  the  c r a t e r s  and p i t s  formed by smaller bodies and micropart ic les  
a r e  the primary cause of the  "microscale" r e l i e f  and tex ture  of t h e  lunar  sur- 
face ( r e f s .  9 ,  lo), Indeed, the  high flux r a t e s  f o r  the smallest  p a r t i c l e s  
unimpeded by an atmosphere, probably cons t i tu te  one of t h e  pr inc ipa l ,  i f  not the  
primary, agents of erosion on the  lunar surface.  Meteoroid impact i s ,  therefore ,  
one of the major f a c t o r s  t o  be considered i n  the  evolution of t h e  moon t o  i t s  
present s t a t e ,  and a thorough understanding of the phenomena re la ted  t o  impact 
i s  e s s e n t i a l  t o  the  study of the  lunar surface.  

'dpik ( r e f .  2) 

A s  part of a general  study of the  mechanics of hypervelocity impact, Ames 
Research Center has undertaken an invest igat ion of meteoroid impact i n  a coop- 
e r a t i v e  program of research with the U. s. Geological Survey. Par t icu lar  
emphasis i s  being placed on appl icat ions t o  lunar problems, s p e c i f i c a l l y  as 
appl ied t o  the  NASA's programs f o r  manned and unmanned exploration of the  moon. 
P r o j e c t i l e s ,  accelerated t o  v e l o c i t i e s  up t o  7 km/sec i n  a nitrogen atmosphere 
of 50 t o  75 mm of Hg, have been f i r e d  i n t o  various types of rock and sand t a r g e t s  
using the  l ight-gas  gun f a c i l i t i e s  of the  Ames Hypervelocity B a l l i s t i c  Range. 
Some e a r l y  r e s u l t s  of t h i s  invest igat ion have been reported by Shoemaker, e t  a l .  
( r e f .  ll), and Moore, e t  a l .  ( r e f s .  12, 13, and 14). 

I 

An important phase of t h e  experimental program has been obtaining high- 
speed camera records of the  e jec t ion  of mater ia l  from an impact c r a t e r .  Even 
a cursory examination of the  photographic records impresses the  viewer with the  
amount of debris  e jec ted  from a c r a t e r  formed i n  rock. From the  i n s t a n t  the  
p r o j e c t i l e  contacts the  t a r g e t  block, a cloud of rock f l o u r  and progressively 
l a r g e r  fragments a r e  spewed out of the embryonic c r a t e r  u n t i l  the  c r a t e r  reaches 
i t s  f i n a l  dimensions. 
lunar impact event a tremendous number of fragments should be ejected i n t o  bal-  
l i s t i c  t r a j e c t o r i e s  across the lunar surface.  
of interplanetary debr i s ,  one can envision a mass of fragments above the lunar 
surface which, continuously replenished by e j e c t a  from subsequent impact events, 
would approach a s teady-state  cloud of impact debris .  
e jec ted  p a r t i c l e s  should be expected t o  be considerably grea te r  than t h a t  f o r  

impacts by the  fragments should be many times more numerous than those by the 
interplanetary bodies. 

The photographic records vividly demonstrate t h a t  f o r  each 

With a s u f f i c i e n t l y  high f l u x  r a t e  

The s p a t i a l  density of the  

I the  interplanetary debris ,  p a r t i c u l a r l y  near the  lunar surface,  and the secondary 

It i s  the purpose of t h i s  report  t o  Present an ana lys i s  of the  spray 
fragments e jected from the  lunar surface by meteoroid impact based on data ava i l -  
able from the  j o i n t  NASA-USGS impact s tudies .  Ejecta fragments collected from 

, 
I impact i n  rocks have been analyzed t o  a s c e r t a i n  the  mass-size d i s t r i b u t i o n  of the 
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fragments. 
d i s t r ibu t ions  of the  so l id  mater ia l  which impacts the  lunar surface t o  give an 
order-of-magnitude estimate of t h e  f l u x  of t h e  e jec ted  fragments. Further,  a 
study of e jec ted  mass using the  high-speed camera records has produced estimates 
f o r  the  mass-velocity d i s t r i b u t i o n  and veloci ty-eject ion angle d i s t r i b u t i o n  of 
the  fragments and, hence, of the  s p a t i a l  density and mass d i s t r i b u t i o n  of the  
e j e c t a  across the lunar surface.  

This ana lys i s  has been combined with estimates of t h e  mass 

The symbols used i n  t h e  t e x t  a r e  defined i n  appendix A. 

FLUX OF THE EJECTED FRAGMEJ!TTS 

Analytical  Relationships 

It w i l l  be convenient f i rs t  t o  e q r e s s  i n  a n a l y t i c a l  form the  f l u x  of 
fragments e jec ted  from impact c r a t e r s  formed by a steady bombardment of projec- 
t i l e s .  Rnpirical  re la t ionships  w i l l  then be introduced t o  evaluate t h e  f l u x  of 
fragments from the  lunar  surface.  Toward t h i s  end the funct ional  forms 

a r e  introduced where m, i s  t h e  mass of an e jec ted  fragment, m i s  t h e  
cumulative mass of t h e  fragments with individual  masses equal t o  or less than 
me, M, i s  the  t o t a l  mass e jec ted  from a c r a t e r ,  % i s  the  mass of a projec- 
t i l e ,  and fp 
time) with masses equal t o  or grea ter  than %. 
fragmented products of an impact may be described by a simple comminu-t;ion l a w  
independent of the  c r a t e r  dimensions. The use of t h i s  approximation f o r  t h e  
present ana lys i s  w i l l  be discussed more f u l l y  when the  empirical  form of 
equation (1) i s  introduced. 
obtained from impact-, chemical-, and nuclear-explosion c ra te r ing  experiments 
which suggest M, can be r e l a t e d  t o  expended energy. If it i s  assumed t h a t  
there  i s  a c h a r a c t e r i s t i c  impact veloci ty  (constant spec i f ic  k i n e t i c  energy) then 
M, The last ,  equation (3), i s  the 
form employed i n  t h e  p a s t  by most inves t iga tors  t o  describe t h e  meteor or mete- 
oroid population i n  terms of p a r t i c l e  mass, mp ( e . g . ,  r e f s .  6,  7, 8, and 1 5 ) .  

i s  t h e  cumulative nuniber of p r o j e c t i l e s  ( f l u x  per u n i t  z rea  and 
Equation (1) implies t h a t  the  

The second equation i s  based on empirical  data 

i s  dependent only on t h e  p r o j e c t i l e  mass. 

Now if  N i s  defined as t h e  c w l a t i v e  number of fragments with masses 
equal t o  or grea ter  than 
of mass m, from any one c r a t e r  becomes -dN/d~+. The number of fragments of 
mass 
(l/%) (dm/*). 
of equation (2 )  

from any one c r a t e r ,  then the  number of fragments 

from any c r a t e r  can a l so  be derived from equation (1) t o  be 
By equating the  two expressions, integrat ing,  and making'use 
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= the  cumulative number of fragments of e j e c t a  
with masses equal t o  or greater  than 
formed as the  r e s u l t  of impact by a 
p r o j e c t i l e  of mass %. 

The quantity % 
c r a t e r ,  and the  prime denotes d i f f e r e n t i a t i o n  with respect t o  t h e  independent 
variable 

represents  the mass of the  l a r g e s t  fragment e jected f r o m t h e  

The number of impacts P per u n i t  area and time contributed by p r o j e c t i l e s  
i s  obtained by d i f f e r e n t i a t i n g  the  cumulative nuniber of t h e  of a given mass 9 

impacting p r o j e c t i l e s ,  equation ( 3 ) .  Thus 

and one may wri te  

= the  cumulative number of e j e c t a  fragments per 

from - a l l  c r a t e r s  r e s u l t i n g  from the  
u n i t  area and time with masses equal t o  or grea ter  
than 
impact of p r o j e c t i l e s  of mass 

i s  defined as the  cumulative nwriber of a l l  e j e c t a  fragments 

%. 
Final ly ,  when f e  
per u n i t  area and time with masses equal t o  or grea ter  than 

E$,, 

and 
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Equation (6)  i s  a solut ion f o r  the  f l u x  of fragments with masses equal t o  or 
greater  than Q 

p r o j e c t i l e s  with masses equal t o  or greater  than 
mt, 

which a r e  e jec ted  from c r a t e r s  formed by a steady f l u x  of 

9,. It i s  t o  be noted t h a t  
w i l l  depend on the  s ize  of t h e  c r a t e r ;  t h a t  i s ,  

and by equation (2 )  the  upper l i m i t  f o r  the  first in tegra t ion  can be expressed 
i n  the  terms of I n  addi t ion,  t h e  lower l i m i t  f o r  the  second i n t e g r a l  
requires spec ia l  consideration. No values of 
% smaller than Q, may be included i n  the  in tegra t ion .  Therefore, when 
equations (2)  and (7)  a r e  combined t o  express 
must be s e t  equal t o  and the  r e s u l t i n g  expression for used as t h e  

lower l i m i t  of in tegra t ion  i n  the  outer i n t e g r a l  of equation ( 6 ) .  

%, which produce maximum fragments 

n+, “p’ 9 3  
as a function of 

l h g i r i c a l  Relationships 

l k t e r i a l  e jec ted  from c r a t e r s  formed i n  rocks by the  impact of hypervelocity 
p r o j e c t i l e s  has been col lected and sieved through standard screens (e.g., r e f .  16) 
t o  determine the  mass-size2 d i s t r i b u t i o n  of the  fragments. 
graph of the  e j e c t a  from a t y p i c a l  c r a t e r  formed i n  b a s a l t  with t h e  fragments 
separated i n t o  logarithmic s ized i n t e r v a l s  ranging from la rge  spa11 p l a t e s  t o  
f i n e l y  ground rock f l o u r .  
e ight  c r a t e r s  a r e  presented i n  logarithmic form i n  f igure  2 as histograms of the 
f r a c t i o n a l  contr ibut ion from each s ize  c lass  and i n  terms ( c i r c l e  symbols) of the  
cumulative mass of fragments smaller than a given fragment s ize  
presentat ions departures from l i n e a r i t y  appear t o  be caused by e r r a t i c  spa l l ing  
of the  l a r g e r  fragments and by p r e f e r e n t i a l  f rac tur ing  along gra in  boundaries f o r  
the  smaller fragments ( r e f .  12) .  Analysis of the  debris  f i n e r  than approximately 
50 microns has not been completed, but r e s u l t s  obtained t o  date suggest t h a t  
there  i s  a cutoff i n  p a r t i c l e  s i z e  near 0.1 micron and a consequent departure 
from the  logarithmic l i n e a r i t y  i n  the s i z e s  l e s s  than 30 microns ( f i g .  3 ) .  
apparent cutoff a t  0.1 micron, however, may be a t t r i b u t a b l e  p a r t l y  t o  incomplete 
co l lec t ion  of f i n e  mater ia l .  

Figure 1 i s  a photo- 

Experimental mass-size d is t r ibu t ions  of e j e c t a  from 

e.  For both 

The 

Results similar t o  those given i n  f igures  2 and 3 have been reported by 
Roberts and Blaylock ( r e f .  17) f o r  the  e j e c t a  recovered f r o m t h e  Stagecoach s e r i e s  
of high explosive c ra te r ing  experiments i n  deser t  alluvium. 
unpublished r e s u l t s  obtained by Shoemaker indicate  t h a t ,  f o r  explosive debris  i n  
a pumiceous t u f f ,  a l i n e a r  logarithmic presentat ion i s  v a l i d  wel l  i n t o  the  micron 
region. 
d i s t r i b u t i o n  of c ra te r ing  events over a considerable range of expended energies 
may be expressed (normalized with respect t o  t h e  s i z e  

Moreover, some 

To a good approximation, adequate f o r  t h i s  analysis ,  the mass-size 

b of the  maximum fragment) 
/ \a 

m = Me (E) 
2The s ize  of a fragment i s  taken t o  be the  intermediate dimension of the  

p a r t i c l e  . 
5 



with 
fragment s i z e ,  and a a constant .  Equation (8) i s  t h e  usual  form employed t o  
describe approximately the  comminution of b r i t t l e ,  macroscopically homogeneous 
so l ids  i n  commercial or laboratory crushing mills (e.g., r e f .  18). 
geometry fo r  a l l  fragments i s  assumed, equation (8) can be rewr i t ten  

m and q, as before ,  t he  cumulative and t o t a l  masses e jec ted ,  e t h e  

When similar 

with e and b being replaced by t h e i r  respect ive masses, and % as required 
f o r  solut ion of equation (6 ) .  

A re la t ionship  between t o t a l  e j ec t ed  mass and expended energy i s  shown 
i n  f igu re  4 which presents  r e s u l t s  from both laboratory impacts and shallow 
subsurface explosive c ra te r ing  experiments i n  various media (unpublished da ta  
by Moore and refs. 19-30) .  The excavated mass f o r  explosives i s  r e l a t i v e l y  
in sens i t i ve  t o  t h e  physical  p roper t ies  of t h e  medium but  t he  charge b u r i a l  depth 
is  an important f ac to r .  There i s  no d i r e c t  analogy between buried explosive and 
impact c r a t e r ing  events ,  but  t h e  e f f ec t ive  scaled depth of bur ia l  
explosives t o  agree w i t h  impact data appears t o  be qui te  small (A = 0 t o  0.25) 
based on t h e  t o t a l  mass e jec ted .  

A f o r  

Theoret ical  considerations (e .g. ,  r e f .  31) and experimental evidence (e .g., 
refs. 32 and 33)  suggest t h a t  fo r  impacts t h e  excavated mass I'& should be 
d i r e c t l y  proport ional  t o  the  expended energy a s  shown by f igu re  4. 
because of t he  high spec i f i c  energies t h a t  occur during impact a t  meteoric veloc- 
i t i e s ,  comparable t o  and perhaps exceeding those f o r  t he  nuclear experiments, 
considerably more energy w i l l  be i r r eve r s ib ly  trapped a s  heat  and l o s t  t o  t he  
c ra t e r ing  processes than occurred i n  the  events  presented i n  f igure  4. Moreover, 
a major f r a c t i o n  of t he  ava i lab le  energy from an impact i s  l o s t  as k i n e t i c  energy 
i n  t h e  e j e c t a  squi r ted  out a t  v e l o c i t i e s  up t o  th ree  times t h e  p r o j e c t i l e  veloc- 
i t y .  For these reasons, some deviat ion from a d i r e c t  p ropor t iona l i ty  between 
energy and e j ec t ed  mass might be expected fo r  impacts a t  meteoric ve loc i t i e s  so 
the  form adopted f o r  equation (2 )  i s  

However, 

with k, and p being constants  and V i  t h e  impact ve loc i ty .  

The expression f o r  g,(%), as indica ted  previously,  w i l l  be taken i n  the  
fo rm commonly used t o  describe t h e  flux of meteors and meteoroids ( r e f s .  6, 7, 8, 
and 15).  



The f inal  funct ional  re la t ionship  g4(&) can be expressed 

based on the  r e s u l t s  of a cor re la t ion  presented as f igure 5 (unpublished data 
by one of the  authors (Moore) and r e f s .  27-30, 34, and 35). 
and (12) kE, k3, Y ,  and 6 a r e  constants.  

I n  equations (11) 

Numerical Results 

Inser t ing  equations (9) through (12) i n  equation (6) and carrying out the  

(see appendix B )  
indicated integrat ions,  one obtains for the  f l u x  of impact-spray fragments of 
mass equal t o  or grea ter  than 

f e  = k&+E+Y 

f o r  

y + 1 - ?< 0, y + 1 - 6 < 0, and a # 3 

Since fp = k2% 7 , equation (13) can be recas t  i n  terms of the  frequency of 
t h e  impactirg p r o j e c t i l e s  

E: +Y 
m, 

f e = K -  7 f P 
mP 

and when p r o j e c t i l e s  and e j e c t a  fragments of the same mass, %e, a r e  considered, 

E 
fe / fp  = K(%e) 

cumulative number of fragments with masses 7 %e 
cumulative number of p r o j e c t i l e s  with masses > %e 

- - - 

f o r  u n i t  area and time and f o r  

= 9 = mpe 
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Seven constants (a, p ,  7 ,  6, k,, k , and V i )  and t h e  independent var iable  
%e a r e  required t o  evaluate equation 714). Values f o r  a range from 0.3 t o  
0.7 f o r  the  laboratory c r a t e r s  i n  b a s a l t  ( f i g s .  2 and 3) and f o r  the  explosive 
c r a t e r s  i n  alluvium ( r e f .  17). The r a t i o  f e / f p  i s  r e l a t i v e l y  insens i t ive  t o  
a i n  t h i s  range and a value of a of 0.4 w i l l  be adopted. The quant i ty  p ,  f o r  
reasons already c i t e d ,  should be l e s s  than 1.0 and f o r  la rge  events may be lower 
than 0.88 which i s  suggested by empirical  scal ing l a w s  f o r  explosion c r a t e r s  i n  
alluvium ( r e f .  36).  For the  present calculat ions,  however, a value of 1 .0  w i l l  
be used i n  conjunction with a conservative value f o r  k, (see f i g .  4 )  

The l i t e r a t u r e  on meteor and meteoroid frequencies ind ica tes  t h a t  7 ,  k,, 
and V i  
f l u x  suggested by Hawkins ( r e f .  37) and Brown ( r e f .  4 )  f o r  debris  of suspected 
a s t e r o i d a l  o r i g i n  i s  shown i n  f igure  6 together with those of Whipple ( r e f .  6 ) ,  
Hawkins and Upton ( r e f .  7 ) ,  and McCracken and Alexander ( r e f .  8) f o r  the  smaller 
p a r t i c l e s  usual ly  associated with cometary and interplanetary dust .  
results reported by Soberman and Hemenway ( r e f .  15) which p e r t a i n  t o  microparticle 
co l lec t ion  with the  Venus f l y t r a p  a r e  a l s o  included f o r  comparison assuming spher- 
i c a l  p a r t i c l e s  with a densi ty  of 3 gm/cm3. "he values of 7 and k, f o r  the f p  
d i s t r i b u t i o n s  shown i n  f igure  6 a r e  tabulated below 

w i l l  depend on the type of p r o j e c t i l e s  being considered. The geocentric 

Recent 

Type of debris  Y 10g,0k2 - Author 

Meteorites Brown -0.8 -16.1 

Meteors Hawkins and Upton -1.34 -12.2 
Meteors Whipple -1.0 -11.3 
Interplanetary dust  McCracken and -1.7 -17.0 

Micrometeoroids Soberman and -0.4 -1.6 

Asteroids and f i r e b a l l s  Hawkins -1 .o -14.3 

Alexander 

Heme nwa y 

These values represent geocentric or near ear th  populations and the  question 
a r i s e s  concerning t h e  a p p l i c a b i l i t y  t o  the  lunar environment. Whipple ( r e f .  38) 
has concluded t h a t  there  i s  a geocentric concentration of t h e  smaller p a r t i c l e s  
and t h a t  the  number of p a r t i c l e s  decreases as the  1 . 4  power of t h e  dis tance from 
ear th .  A t  t h e  distance of the  moon from e a r t h ,  Whipple f i n d s  the  population of 
p a r t i c l e s  with masses l a r g e r  than grams would be about t h e  same as t h a t  es t i -  
mated f o r  the  zodiacal dust  cloud, approximately three orders of magnitude l e s s  
than the  near ear th  values. n i p p l e ' s  in te rpre ta t ion ,  however, has been questione 
by McCracken and Alexander ( r e f .  8 )  on the  b a s i s  t h a t  there  i s  no reason t o  sus- 
pect a p r i o r i  t h a t  the  mass-magnitude (v?.dual or photographic) re la t ionship  i s  
constant ( Y  = -1.0) over a large range of p a r t i c l e  masses. The measurements of 
p a r t i c l e  frequencies reported by McCracken and Alexander from s a t e l l i t e s ,  probes, 
and sounding rockets y i e l d  Hawkins and Upton's ana lys i s  a l s o  
suggests t h a t  Y departs from -1.0 i n  support of the  argument of McCracken and 
Alexander. 

Y = -1.7 d i r e c t l y .  
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For the  present ana lys i s ,  for tunately,  t h e  absolute populations a r e  not 
required ( i . e . ,  the  value of 
d i s t r ibu t ions  ( i . e . ,  7 )  a r e  required.  
of any geocentric concentration, the  mass d i s t r i b u t i o n  i n  the  lunar environment 
should be e s s e n t i a l l y  unchanged from near e a r t h  d is t r ibu t ions ,  a t  l e a s t  t o  p a r t i -  
c l e s  of 10-l' grams. For smaller masses, the  t e r r e s t r i a l  atmosphere may contrib- 
ute  t o  a difference between the  t e r r e s t r i a l  and lunar d i s t r i b u t i o n s .  The r e s u l t s  
presented by Soberman and Hemenway would seem t o  f a l l  i n  t h i s  category and, hence, 
w i l l  not be employed herein.  However, since the r a t i o  fe / fp  i s  qui te  sens i t ive  
t o  7 and V i ,  the  r a t i o  w i l l  be evaluated f o r  the remaining values f o r  Y i n  
combination with the  appropriate modal v e l o c i t i e s  
debris .  

k,) t o  evaluate the  r a t i o  fe / fp ,  but only the  mass 
The view adopted herein i s  t h a t ,  regardless  

V i  f o r  a s t e r o i d a l  and cometary 

Although population d i s t r i b u t i o n s  a r e  assumed unchanged, consideration must 
be given t o  the  difference i n  g r a v i t a t i o n a l  a t t r a c t i o n  between the  e a r t h  and moon 
as it a f f e c t s  the impact veloci ty  V i .  
may be taken t o  be 19 km/sec. 
as high as 72 km/sec, a value of 30 km/sec w i l l  be employed herein as represent- 
a t i v e  f o r  most cometary mater ia l .  

Geocentric ve loc i t ies  for a s t e r o i d a l  debris  
While the ve loc i t ies  f o r  cometary debris  may be 

From the  conservation of energy 

where g i s  the g r a v i t a t i o n a l  accelerat ion a t  the  surface of a body with a 
radius r, and V, i s  the  approach veloci ty  a t  an i n f i n i t e  dis tance from t h e  
body. The geocentric v e l o c i t i e s ,  therefore,  correspond t o  approach ve loc i t ies  
of approximately 15 km/sec f o r  the a s t e r o i d a l  debris and 28 km/sec f o r  represent-  
a t i v e  cometary mater ia l .  The gravi ta t iona l  f i e l d  of the moon contributes s o  
s m a l l  a ve loc i ty  increment t h a t  impact ve loc i t ies  of 15 and 28 km/sec a r e  ade- 
quate f o r  use i n  equation (14) .  

One final s e t  of constants 6 and k3 i s  required. The cor re la t ion  presented 
as f igure  5 indicates  t h a t  6 has a value varying from about 1.0 for the smallest 
c r a t e r s  t o  0.8 f o r  t h e  l a r g e s t  c r a t e r s .  
numerical evaluations of equation (14) together with k3 = 10-1 f o r  the  cometary 
debris.  Values of 6 = 0.8 and k3 = 2x10-1 w i l l  be used f o r  the a s t e r o i d a l  com- 
ponents. 

4 expected f o r  t h e  l a r g e r  c r a t e r s  (& > 10 grams; % > 10 grams) because of t h e  
probabi l i ty  of secondary breakup along pre  -exis t ing f rac tures  or  j o i n t s  i n  the  
country rock, and t h e  change of t h e  h p o r t a n c e  of mater ia l  s t rength  with the  s i z e  
of e jected fragments. 

A value of 1.0 w i l l  be employed f o r  the  

It i s  t o  be noted t h a t  a change i n  the  r e l a t i o n  of mt, t o  Me should be 

A summary of the  numerical reduction of equation (14)  i s  l i s t e d  i n  the  
following t a b l e  : V i  9 

K E - Y km/sec Debr i s Source - 
Asteroids and f i r e b a l l s  Hawkins -1 .o 15 1.8~10~ o 

Mete or s Hawkins and Upton -1.34 28 1.1~10~ o 
Interplanetary dust McCracken and -1.7 28 6.0~10~ o 
Meteors Whipple -1 .o 28 4.9X103 0 

Alexander 

9 



and the  r e s u l t s  a r e  presented i n  graphical form as f igure 7. No values a r e  
shown f o r  Brown's d i s t r i b u t i o n  (7 = -0.8) because the inequal i ty  (appendix B) 
7 + 1 - ( a S / 3 )  < 0 i s  violated with t h e  constants required t o  f i t  t h i s  case.  

The f l u x  of t h e  e j e c t a  fragments i s ,  as expected, grea te r  i n  a l l  cases than 
t h e  f l u x  of the  impacting interplanetary debris .  Because of the  choice of 
constants,  the  exponent E has a value of zero and the  r a t i o  fe/fp f o r  .each 
d i s t r i b u t i o n  i s  independent of t h e  mass %e * 

Hawkins' d i s t r i b u t i o n  f o r  a s t e r o i d a l  p r o j e c t i l e s  gives a r a t i o  of fe/fp 
somewhat grea te r  than lo3. Although the  extrapolat ion of the  small-scale labora- 
t o r y  experiments t o  the  scale of t h e  te lescopica l ly  v i s i b l e  lunar c r a t e r s  i s  
tenuous, t h e  numerical r e s u l t s  c l e a r l y  suggest t h a t  the  lunar surface i s  l i t t e r e d  
with l a r g e  fragments thrown out of the  impact c r a t e r s .  The grea t  bulk of the 
l a r g e r  fragments w i l l ,  as w i l l  become evident,  l i e  on the flanks of t h e  c r a t e r s  
but some can be expected a t  considerable distances from the  points  of impact. 
Secondary breakup, as mentioned previously, should be an important f a c t o r  f o r  
la rge  c r a t e r s  and it i s  t o  be expected t h a t  the  r a t i o  
zero f o r  t h e  l a r g e s t  lunar c r a t e r s  ( increasing %e) .  

f e / f p  should tend toward 

For the  smaller p r o j e c t i l e s  associated with cometary debris ,  the  d i s t r i b u t i o n  
of McCracken and Alexander gives an e j e c t a  f l u x  f e  
magnitude grea te r  than the  cumulative p r o j e c t i l e  f l u x  fp .  The r a t i o  fe / fp  f o r  
t h e  Hawkins and Upton d i s t r i b u t i o n  i s  approximately lo4  while, as a lower l i m i t  
f o r  the  micropart ic les ,  Whipple's d i s t r i b u t i o n  gives fe  l a r g e r  than fp  by 
between three  t o  four orders of magnitude. Thus, i n  a l l  cases t h e  secondary 
fragments exceed t h e  p r o j e c t i l e  population by between lo3 and lo4. 
of these fragments would be dus t l ike  p a r t i c l e s ,  a lunar dust cloud might be pro- 
duced by a s u f f i c i e n t l y  high f l u x  r a t e  of p r o j e c t i l e s .  

of almost f i v e  orders of 

Since most 

DISTRIBUTION OF EJECTA ITAGMENTS 
ACROSS THE LUNAR SURFACE 

Tra jec tor ies  of Ejecta Fragments 

I n  t h e  absence of a l l  but lunar  grav i ta t iona l  forces ,  a fragment t h a t  i s  
e jec ted  from the  moon and returns  t o  the  lunar surface w i l l  t r a v e l  along a 
segment of an e l l i p t i c  o r b i t .  Except for c e r t a i n  l imi t ing  cases the  perilune of 
t h e  o r b i t  w i l l  be within t h e  body of t h e  moon, and apolune w i l l  correspond t o  the 
pos i t ion  f o r  maximum a l t i t u d e  of the  fragment above the  lunar surface.  
circumferential dis tance or range R from e jec t ion  t o  t h e  secondary impact i s  
(see,  e .g . ,  r e f .  39)  

The 
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where 

o 7. e 7 n/2 

and 

Ve i s  the  e j ec t ion  ve loc i ty ,  go the  g rav i t a t iona l  acce lera t ion  a t  the  lunar  
surface,  r the  lunar  rad ius ,  and 8 the  angle of e j ec t ion  measured with respect  
t o  the  l o c a l  hor izonta l .  The maximum a l t i t u d e  hmax may be expressed 

I 
Since 
of t h e  range and maximum a l t i t u d e  of a fragment depends only on knowledge of t he  
vector ve loc i ty  of t h e  e j ec t ion  from a c r a t e r .  It i s  t o  be noted that, indepen- 
dent of 8,  fragments a r e  l o s t  t o  t he  g rav i t a t iona l  f i e l d  when 

r and go a r e  known (1.74X103 km and 1.62~10-~ km/sec2), t he  determination 

Ve = d G  = 2.38 km/sec 

A s  mentioned i n  t h e  Introduction, high-speed camera records have been 
obtained of t he  rock fragments spewed out of impact c r a t e r s  and have provided a 
bas i s  f o r  estimating t h e  mass-velocity d i s t r i b u t i o n  of the  e j e c t a .  
graphic records have been obtained a t  three  nominal framing r a t e s  (lo4, lo5, 
and lo6 frames/sec) and a sequence a t  the  highest  r a t e  i s  shown as f igure  8. 
Although the t o t a l  time increment covered by t h e  record i s  approximately 70 micro- 
seconds, the  f inal  c r a t e r  geometry i n  the  basalt t a r g e t  probably has been estab- 
l i shed  and o n l y  t he  dispers ion of t he  l a rge r  fragments moving a t  r e l a t i v e l y  low 
speeds remains t o  complete t h e  e j ec t ion  sequence. 

The photo- 

Results from an ana lys i s  of t he  photographic records a r e  presented i n  
f igures  9 and 10 f o r  aluminum spheres (1/16- and 1/8-inch diameter) impacting a t  
normal incidence on b a s a l t  a t  a nominal ve loc i ty  of Figure 9 
presents  t he  e j ec t ion  ve loc i ty  Ve as a funct ion of t he  e j ec t ion  angle 8 ,  and 
f igure  10 presents  t h e  cumulative mass E which i s  e j ec t ed  with ve loc i t i e s  i n  
excess of Ve .  Ik ter ia l  e j ec t ed  a t  the  highest  ve loc i t i e s  (Ve 19 km/sec) and 
lowest angles ( e  < 20') i s  believed t o  be associated with a j e t  emanating from 
the  in t e r f ace  between t h e  p r o j e c t i l e  and t a r g e t  ( see ,  e.g., r e f s ,  40, 41, and 42).  
Subsequent t o  the  j e t t i n g  t h e  e j ec t ion  ve loc i ty  quickly decays t o  very small 
values and t h e  main mass of fragments leaves the  c r a t e r s  with ve loc i t i e s  l e s s  
than 0.5 km/sec and with 8 grea ter  than 45'. The discontinuous var ia t ion  i n  
the  cumulative mass with ve loc i ty  i s  bel ieved t o  be associated with a t r a n s i t i o n  
from p l a s t i c  t o  e l a s t i c  flow behind the  shock f r o n t  which propagates outward from 
the  point  of impact. 

V i  = 6.25 km/sec. 
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Estimates f o r  t h e  d i s t r i b u t i o n  of mass with veloci ty  f o r  the  15 and 28 
km/sec impact v e l o c i t i e s  a r e  a l s o  included i n  f igures  9 and 10. 
the laboratory r e s u l t s  t o  higher impact v e l o c i t i e s ,  it i s  convenient t o  assume 
t h a t  the expended energy remained constant ( l / % V i 2  
e jec ted  mass becomes independent of the  impact veloci ty  (eq. (10) )  and the  
p r o j e c t i l e  mass mp can be considered t o  vary inversely with the  square of t h e  
impact veloci ty  V i .  Moreover, since the  main bulk of the  debris  i s  e jec ted  
under conditions of e l a s t i c  flow, the  absolute values f o r  the  e j e c t i o n  veloci ty  
Ve were considered e s s e n t i a l l y  independent of the  impact ve loc i ty  except f o r  a 
small f r a c t i o n  of the e jec ted  mass associated with j e t t i n g  and p l a s t i c  flow. 
i s  t o  be expected t h a t ,  since j e t t i n g  i s  a hydrodynamic process, t h e  ve loc i ty  and 
mass of t h e  j e t t e d  mater ia l  w i l l  scale  approximately l i n e a r l y  with some charac- 
t e r i s t i c  veloci ty  and the  cube of a c h a r a c t e r i s t i c  length ( i . e . ,  p r o j e c t i l e  mass), 
respectively.  
f igures  9 and 10 have been scaled by taking 
a t e d  j e t t e d  masses i n  f igure  10  have been scaled by The ca l -  
culated end points  f o r  j e t t i n g  and t h e  experimentally determined curves have 
been joined a r b i t r a r i l y  t o  complete the veloci ty-eject ion angle re la t ionships  and 
the  cumulative mass-velocity d i s t r i b u t i o n s  f o r  the  higher impact v e l o c i t i e s .  

I n  extrapolat ing 

9x10' e r g ) .  Thus t h e  t o t a l  

It 

Thus, the  m a x i m  e j e c t i o n  v e l o c i t i e s  f o r  13 and 28 km/sec i n  
Vemx = (vi/6.25) while the  associ-  

&in = ( 6 . 2 5 / ~ i ) ~ ,  

It should be cautioned t h a t  t h e  above procedure neglects any e f f e c t s  of t h e  
increase i n  s p e c i f i c  k i n e t i c  energy for t h e  higher impact v e l o c i t i e s .  
i n  impact veloci ty  increases t h e  f r a c t i o n  of t h e  k i n e t i c  energy which i s  trapped 
i r r e v e r s i b l y  as heat during t h e  shock compression of the  p r o j e c t i l e  and t a r g e t  
media. Thus, even though the  k i n e t i c  energy may remain constant, the  f r a c t i o n  of 
energy ava i lab le  f o r  crushing and e jec t ion  of fragmented mater ia l  decreases with 
an increase i n  impact veloci ty  and one should expect a s l i g h t  decrease i n  the  
t o t a l  e jec ted  mass Me. The e f f e c t  would be t o  t r a n s l a t e  t h e  estimated mass- 
ve loc i ty  d i s t r i b u t i o n s  shown i n  f igure  10 t o  the  l e f t  and reduce t h e  cumulative 
masses which are e jec ted  a t  v e l o c i t i e s  i n  excess of any given e jec t ion  veloci ty .  
The over -a l l  change i s  believed t o  be s m a l l ,  but it should be kept i n  mind t h a t  
r e s u l t s  presented herein f o r  1-5 and 28 km/sec may represent t h e  m a x i m u m  m a s s  
which can be e jec ted  a t  any given veloci ty .  

An increase 
I 

I 

Distr ibut ion of Ejecta  Fragments 
i n  the  Lunar Environment 

The circumferential  dis tance ejected fragments w i l l  t r a v e l  across t h e  moon 
from an impact c r a t e r  (derived from the  estimated var ia t ion  of cumulative mass 
with vector ve loc i ty  and from eq. (15)), i s  presented i n  f i g u r e  11 as t h e  normal- 
ized cumulative m a s s  t h a t  contributes t o  secondary impact events beyond 
a given dis tance from t h e  point  of p r o j e c t i l e  impact. Similarly,  with the  use of 
the  experimental da ta  and equation (16), the  apolune dis tance of the  ejected f r a g -  
ments i s  presented i n  f i g u r e  12  as the  normalized cumulative m a s s  
e jec ted  fragmects e jected above a given lunar  a l t i t u d e .  
i n  the  presentations,  one derived d i r e c t l y  from the  experimental da ta  f o r  a nomi- 
n a l  impact ve loc i ty  of 6 . 4  km/sec and estimates f o r  15 km/sec and 28 km/sec 
impact v e l o c i t i e s .  

E/mp 

Z/mp of t h e  
Three curves a r e  shown 

I 12 



The r e s u l t s  presented i n  f igu res  11 and 12 ind ica te  t h a t  t he  main f r a c t i o n  
of t he  e j ec t a ,  say 90 percent,  w i l l  never exceed an a l t i t u d e  of t h e  order of 10 
kilometers and w i l l  r e tu rn  t o  t h e  lunar  surface within a radius  of t h e  order of 
30 kilometers f r o m t h e  point  of impact. If one considers v i r t u a l l y  a l l  of t h e  
e j e c t a  mass (99 percent ) ,  t h e  maximum a l t i t u d e  and rad. ia l  dis tance increase t o  
30 and l5O kilometers,  respect ively.  

The f l u x  of t he  e j ec t ed  fragments has been found t o  be from lo3 t o  almost 
lo5 times the  f l u x  of t h e  in te rp lane tary  debr i s  ( f i g .  7 ) .  Since t h e  v e l o c i t i e s  
of t he  bulk of t h e  e j ec t ed  fragments a r e  some two orders of magnitude less than 
the  ve loc i t i e s  of t he  p r o j e c t i l e s ,  it follows t h a t  t he  s p a t i a l  densi ty  of t he  
e j e c t a  a t  the  lunar surface i s  from lo5 t o  lo7 times the  s p a t i a l  densi ty  of t h e  
impacting in te rp lane tary  debris .  

The last  1 percent of t he  e jec ted  mass includes perhaps t h e  most s ign i f i can t  
f r a c t i o n  of t he  fragments. Dependent on t h e  impact ve loc i ty ,  a mass of fragments 
equivalent t o  severa l  p r o j e c t i l e  masses i s  e jec ted  a t  ve loc i t i e s  i n  excess of 
lunar  escape ve loc i ty  and i s  l o s t  t o  the  lunar grav i t a t iona l  f i e l d ,  It i s  i n t e r -  
e s t ing  t o  note i n  t h i s  connection t h a t  t he  impact experiments and ana lys i s  here in  
f o r  impact i n t o  s o l i d  basalt ind ica te  t h a t  t he  ve loc i ty  f o r  which t h e  mass l o s t  
from the  moon i s  equal t o  the  acquired p r o j e c t i l e  mass i s  between 9 and 10 km/sec. 
Thus, it appears t h a t  a l l  a s t e r o i d a l  and cometary p r o j e c t i l e s  are e f f ec t ive  i n  
removing mass f r o m t h e  moon. 

DISCUSSION 

The r e s u l t s  from t h e  present study ind ica te  t h e  exis tence of a lunar 
atmosphere'' of high-speed e j e c t a ,  Moreover, t he  r e s u l t s  suggest t h a t  t he  lunar I f  

surface mater ia l  i s  composed of a mixed rubble of unsorted rock fragments ranging 
i n  s i z e  from l a rge  blocks t o  submicron s ized  p a r t i c l e s .  
surface i n  w h i c h  a grave l ly  mater ia l  extends t o  depths of a t  l e a s t  severa l  meters 
has been proposed recent ly  by EQldwin ( r e f .  43) based on observations of the 
thermal r ad ia t ion  f r o m t h e  moon. 
smallest p r o j e c t i l e s ,  both in te rp lane tary  so l id s  and c r a t e r  e j ec t a ,  it i s  t o  be 
expected that t h e  surface rubble i s  cont inual ly  abraded t o  f i n e r  s i zes  and that 
over geologic time small voids and cracks have gradually f i l l e d  with pulverized 
rock. Indeed t h e  abrasive ac t ion  of t h e  "atmosphere" must contr ibute ,  again 
consis tent  with o p t i c a l  and rad io  telescope observations,  t o  a t  l e a s t  a t h i n  
mantle of f i n e  p a r t i c l e s  over t h e  e n t i r e  lunar surface--a layer  which i s  con- 
s t a n t l y  a g i t a t e d  and s t i r r e d  by impact t o  form a heterogeneous mixture of mare 
and terra mater ia l .  

A model of t h e  lunar  

In view of t h e  higher f l u x  r a t e s  f o r  t h e  

A question immediately arises concerning the  a p p l i c a b i l i t y  of t he  current  
ana lys i s ,  based on impact i n  s o l i d  t a r g e t s ,  t o  impact i n  an  unconsolidated or 
weakly cemented pa r t i cu la t e  medium. Some r e s u l t s  f o r  c r a t e r s  formed i n  a weakly 
bonded quartz sand (crushing s t rength approximately lo7 dynes/cm2) a r e  shown i n  
f igure  4 by the  f i l l e d  symbols, Sand p a r t i c l e s  with a g ra in  s i z e  of 0.3 m were 
employed f o r  these t e s t s  i n  combination with p r o j e c t i l e s  which had a diameter of 
1/8 inch (3.18 m). For a given expended energy, t he  mass & e jec t ed  from a 



c ra t e r  i n  the  bonded sand exceeds the  mass f r o m t h e  c r a t e r s  i n  basa l t  by a f ac to r  
of a t  l e a s t  t h ree .  I n  addi t ion,  the mater ia l  sprayed out from the  c r a t e r s  i n  
sand contains few, i f  any, large spa l l s  and cons is t s  almost e n t i r e l y  of f i n e l y  
crushed quartz ,  disaggregated sane gra ins ,  and a few c lus t e r s  of sand gra ins  
welded together with fused Amaterial ( s i l i c a ) .  Both the increased mass M e  and 
the  leek of spa l l s  w i l l  serve t o  increase the  calculated values of over 
those based on the  so l id  t a r g e t s .  The increase would be about an order of magni- 
tude f o r  McCracken and Alexander's d i s t r ibu t ion  (7' = -1.7) and a fac tor  of, per- 
haps, four fo r  Whipple's d i s t r ibu t ion  ( 7  = -1 .0) .  
values f o r  f e / fp  i n  f igure  7 should be conservative. 

fe / fp  

On t h i s  bas i s  the  numerical 

There i s ,  however, no assurance t h a t  the  data  presented i n  f igure  4 f o r  
impact i n  sand a re  va l id  when the  p r o j e c t i l e  i s  small r e l a t ive  t o  the  gra in  s i z e  
of the t a r g e t  and/or the  t a rge t  x a t e r i a l  i s  a d i f fuse  low-density medium, such as 
t h a t  suggested by D. D. Cudaback ( r e f .  44) f o r  the  lunar surface.  It i s  probable 
t h a t  f o r  these l a t t e r  conditions l e s s  m a s s  and fewer fragments w i l l  be e jec ted  by 
an impact as compared t o  an equivalent event i n  a s o l i d  rock. This would tend, 
of course, t o  reduce the  effectiveness of t he  smaller pa r t i c l e s  of interplanetary 
debris  i n  producing seconaary fragments. Any reduction should be o f f s e t  by the 
increases noted i n  the previous paragraph but  a quant i ta t ive evaluation of the 
combined ef fec ts  integrated over a spectrum of p r o j e c t i l e  masses cannot be made 
a t  the  present  time. It i s  worth noting, however, t h a t  the r a t i o  of p r o j e c t i l e  
t o  sand-grain dimensions f o r  t he  data  i n  f igure  4 i s  the same as t h a t  which would 
occur with a lunar  dust l ayer  consis t ing of 1 micron pa r t i c l e s  m d  lo-' gram 
interplanetary p r o j e c t i l e s  (10 micron diameter, 3 g/cc densi ty) .  

I 

I 

One difference observed between impact i n  rock and sand i s  a change i n  the  
velocity-e jec t ion  angle d i s t r i b u t i o n  of t he  fragments from t h a t  shovn i n  f igu re  9. 
Based on the  r e s u l t s  cur ren t ly  ava i lab le  f o r  impact i n  sand, the e j ec t ion  angle 
8 increases  rap id ly  from the  10i.i values associated v i t h  j e t t i n g ,  a t t a i n s  a peak 
value, and then decreases monotonically t o  some m i n i m  value, Such a var ia t ion  
i n  8 w i l l  increase t h e  range R and decrease the  apolune height hmx from 
t h a t  shown i n  f igures  11 and 12 fo r  an  undetermined f r ac t ion  of the  low-speed 
e jec ta .  This difference i n  the  e j ec t ion  angles,  a t t r i b u t a b l e  t o  reduced t a rge t  
s t rength,  does not introduce any important changes t o  the  ana lys i s  and, i n  p a r t i -  
cu l a r ,  w i l l  not change t h e  previous estimates of t he  r a t i o  or the  s p a t i a l  
densi ty  of t he  e j e c t a  fragments a t  t he  lunar surface. 

fe/f'p 

A lunar atmosphere of high-speed p r o j e c t i l e s  poses a hos t i l e  environment 
f o r  both manned and unmanned exploration of t he  moon. The frequency of impacts 
on manned vehicles  and instrumented probes T r i l l  be far grea te r  on the  moon than 
t h a t  encountered during the  earth-moon voyage, The secondary impacts should not 
g rea t ly  increase the  hazard from catastrophic  punctures, because the  bulk of t he  
e jec ted  material t r a v e l s  a t  losi speeds, but  the  abrasive ac t ion  gf  t he  multiple 
impacts, even a t  1051 speed, may present operat ional  and maintenance problems fo r  
op t i ca l  and so la r - ce l l  surfaces.  Multiple impacts w i l l  s t ead i ly  degrade such 
surfaces,  and with su f f i c i en t ly  high rates of impact, may appreciably shorten the  
usefu l  l i fe t ime of t he  r e l a t ed  equipment and experiments. Unfortunately, an 
estimate of t he  degradation cannot be made with any confidence a; the  present time 
because of t he  uncer ta in t ies  i n  the  absolute values fo r  the  f l u x  of interplanetary 
so l id s  onto the  moon. With reference t o  f igure  7,  t h i s  can be demonstrated by 
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Whipple I s f l u x  d i s t r i b u t i o n  ( r e f .  6)  and i n t e r p r e t a t i o n  of s a t e l l i t e  
micrometeoroid measurements ( r e f .  20); one obtains an absolute f l u x  and a s p a t i a l  
density f o r  secondary p a r t i c l e s  having masses grea te r  than grams of the  
order of one p a r t i c l e  per second over an area of approximately 10  square meters 
and one p a r t i c l e  per lo3 cubic meters, respectively.  I n  contrast ,  t h e  d i r e c t  
appl icat ion of McCracken and Alexander's r e s u l t s  ( r e f .  8)  y ie lds  an impact r a t e  
and s p a t i a l  densi ty  almost s i x  orders of magnitude higher--10 impacts per second 
per square centimeter and one p a r t i c l e  per lo3 cubic centimeters, repectively.  
The lowest r a t e  might be considered minor as compared t o  the highest r a t e .  The 
a c t u a l  values a r e  probably somewhere between the two extremes,3but it remains 
f o r  impact counters i n  the  lunar environment t o  e s t a b l i s h  the  r a t e  a t  which e j e c t a  
a r e  thrown up by the  impact of interplanetary sol ids .  It i s ,  perhaps, superfluous 
t o  note t h a t  t h e  invest igat ion of impact on and near the lunar surface i s  a prereq- 
u i s i t e  t o  the  undertaking of manned exploration of the  moon. 

CONCLUDING RENARKS 

The analysis  of the  d i s t r i b u t i o n  of s o l i d  mater ia l  thrown out of impact 
c r a t e r s  on the  moon has ramifications which extend wel l  beyond the  scope of the  
present paper. Nevertheless, it should be mentioned i n  closing t h a t  the  impli- 
cat ions a r i s i n g  f r o m t h e  indicated negative accret ion of mass by the  moon a r e  
p a r t i c u l a r l y  s ign i f icant .  An e f f e c t i v e l y  steady r a t e  of e j e c t i o n  of an appre- 
c iable  mass of s o l i d s  f r o m t h e  lunar environment over geologic time i s  fundamen- 
t a l l y  important both as an evolutionary process which has brought the moon t o  i t s  
present s t a t e  and as an o r i g i n  f o r  some of the  s o l i d  debris  i n  interplanetary 
space. The l a t t e r ,  of course, has a d i r e c t  bearing on many problems, notably the  
zodiacal dust ,  the  gegenschein, the  Kordelewski clouds, and any geocentric concen- 
t r a t i o n  of dust .  Moreover, the p o s s i b i l i t y  of e jec t ing  several  p r o j e c t i l e  masses 
of mater ia l  away from the g r a v i t a t i o n a l  f i e l d  of t h e  moon provides an or ig in  f o r  
some meteorites.  It i s  i n t e r e s t i n g  t o  note,  a l s o ,  t h a t  impact appears t o  be an 
extremely e f f i c i e n t  mechanism for the  l e v i t a t i o n  of small p a r t i c l e s  above the  
lunar  surface which i s  necessary i n  Gold's theory for a space-charge f l u i d i z a t i o n  
and t ranspor t  of dust on the  moon. These and other r e l a t e d  problems serve t o  
emphasize the  r o l e  of lunar impact as one of the  important keys t o  the exploration 
and b e t t e r  understanding of the  so la r  system. 

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  Cal i f , ,  Dec. 27, 1962 

3J0hn A. O'Keefe, NASA Goddard Space Fl ight  Center, has pointed out (pr ivate  
comunication) t h a t  t h e  l i g h t  sca t te red  by a dust cloud corresponding t o  the  
highest  impact r a t e  should provide a readi ly  detectable extension of the lunar 
cusps near first quarter ,  No such extension has been observed, Refined photo- 
metric techniques should be capable of detect ing a lunar dust cloud some three  t o  
f i v e  orders of magnitude l e s s  dense than t h a t  corresponding t o  the  highest f l u x  
r a t e  estimated above. 



APPENDIX A 

SYMBOL NOTATION 

I The pr inc ipa l  synibols employed throughout the  body of t h e  text a r e  
summarized as follows: 

b 

d 

e 

E 

f e 

m 
- 
m 

s ize  of l a r g e s t  fragment e jec ted  from a c r a t e r  

explosive b u r i a l  depth, f t  

s ize  of fragment e jec ted  from a c r a t e r  

expended energy expressed i n  pounds of TNT 

f l u x  of fragments per u n i t  a rea  and t i m e  which have masses equal t o  
o r  grea te r  than 

f l u x  per u n i t  area and time of interplanetary debris  which have 
masses equal t o  or grea ter  than % 

g r a v i t a t i o n a l  acce lera t ion  a t  the  surface of the  moon 

maximum a l t i t u d e  a fragment a t t a i n s  above the  lunar surface (apolune) 

constants introduced i n  equations (10) through (13) 

cumulative mass of fragments with masses equal t o  or l e s s  than  m, 

cumulative mass of fragments e jec ted  from a c r a t e r  with v e l o c i t i e s  
equal t o  or grea te r  than Ve 

mass of l a r g e s t  fragment from a c r a t e r  

mass of fragment from a c r a t e r  

mass of p r o j e c t i l e  or interplanetary debris  

mass of fragment and p r o j e c t i l e  when 

mass of material excavated from a c r a t e r  

radius  of moon or planet  

circumferential  range of fragment e jec ted  from a c r a t e r  

e j e c t i o n  ve loc i ty  

impact ve loc i ty  

m, = % = %e 



veloci ty  of the  interplanetary debris  a t  an i n f i n i t e  d.istance from vca 

Ve V e l 6  

C L , P , Y , ~ , E  

e 

h 

the  moon or planet  
- 

constants introduced i n  equations (10) through (13) 

e jec t ion  angle of fragment with respect t o  the  l o c a l  horizontal  

I/ 3 scaled depth of explosion, d/E 

The cgs system i s  employed throughout except where noted. 



I APPENDIX B 

i EVALUATION OF EQUATION (7 )  BY USE OF EMPIRICAL FGLA.TIONSHIPS 

The f l u x  of fragments e jected from c r a t e r s  formed by a steady f l u x  of 
p r o j e c t i l e s  with mass > mp 5 mpl i s  expressed i n  equation ( 7 )  as  

and the  empirical re la t ionships  which w i l l  be used i n  evaluating t h i s  equation 
(eqs. (5) through ( 1 2 ) )  a re  

U s i n g  equations (B2) t o  (B4) i n  (Bl), one obtains 

After the  f i r s t  in tegra t ion  

provided t h a t  a # 3. 
l e s s  than one. Equation (B5) can be used t o  recas t  equation (B6) i n t o  

For the  data i n  t h i s  report  and i n  reference 17, a i s  
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with 

Since no p r o j e c t i l e s  may be included i n  the  f i n ~ ~ l  in tegra t ion  which would 
Q and mpl produce fragments q < me, equation (B5)  i s  res.rritten i n  terms of 

so t h a t  

= mass of the  p r o j e c t i l e  which produces a 
maximum fragment with % = m, 

Integrat ion of equation (B7)  using the equali-cy of equation (€38) i n  the lower 
l i m i t  gives 

f e  = k2KmeE+Y 

with 

f o r  

a6 Y + l - - < O , Y + l - 6 < 0  3 

The two i n e q u a l i t i e s  a r e  a mathematical r e s t r i c t i o n  t h a t  a r i s e s  a s  a consequence 
of the  form of expression employed t o  describe the  f l u x  of interplanetary debris  
(eq.  (B4)) and the f i n a l  in tegra t ion  t o  bodies of i n f i n i t e  mass (eq.  (B7)). This 



can be i l l u s t r a t e d  by d i f f e r e n t i a t i n g  equation (B4) t o  obtain the  number of 
interplanetary p r o j e c t i l e s  P having a mass 9 

The over -a l l  mass of the  bodies whose individual  masses a r e  mp i s  
Y 

II@ = -Yk$p 

and the  t o t a l  or integrated mass of a l l  t h e  bodies with masses grea te r  than 
be c ome s 9 

Total mass = -Yk, (B11) 

When 
r e s u l t s  . Y < -1, a f i n i t e  mass i s  obtained and with y - > -1, an i n f i n i t e  mass 

Physically,  equations (B10) and (B11) indicate  t h a t  f o r  Y < -1, the  number 
of p a r t i c l e s  and t h e i r  mass increase without l i m i t  as 
f o r  Y > -1, the  number of bodies decreases but the  masses involved increase 
without-limit as mp tends t o  i n f i n i t y .  Thus, the  l a t t e r  implies (through 
eq. ( B 3 ) )  an i n f i n i t e  mass excavated f o r  the  lunar impacts and an  i n f i n i t e  number 
of secondary fragments. 
r e l a t e d  t o  t h i s  l i m i t a t i o n  i n  the  mathematical development. The l i m i t a t i o n  can 
be circumvented, of course, by specifying a f i n i t e  upper l i m i t  i n  equation (B7), 
but the  added complexity i s  not j u s t i f i e d  f o r  t h e  present analysis .  

mp tends t o  zero, while 

The specif ied inequal i t ies  f o r  equation (B9) a r e  d i r e c t l y  
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